INTRODUCTION
============

Lignocellulosic plant biomass is the most abundant renewable alternative to petroleum as a source of fuel ([@B1]). It consists mainly of cellulose and hemicellulose in combination with up to 20% lignin. Biological conversion of this chemically and physically complex material, represents a major challenge ([@B2],[@B3]). Expensive thermal and chemical pretreatments are needed to decrease its recalcitrance and expose the polysaccharides to carbohydrate-active enzymes (CAZy) and carbohydrate-binding modules (CBMs) that help destroy the plant cell walls ([@B4],[@B5]). Despite intensive studies, many aspects of microbial and enzymatic biomass-to-biofuel conversion are still not understood. Thermophilic anaerobic bacteria hold great promise as they display higher bioconversion rates, minimize the risk of contamination, facilitate product recovery and synthesize highly thermostable enzymes ([@B6],[@B7]). However, only a relatively small number of anaerobic thermophiles are able to convert crystalline cellulose into soluble fermentable sugars, and only a few of them are able to metabolize simultaneously the hexose and pentose sugars that are produced from cellulose and hemicellulose, respectively ([@B1],[@B8]).

One of the best studied of the cellulolytic microbes is *Clostridium thermocellum*, which grows optimally at 60°C ([@B9]). It produces ethanol and is being used for the consolidated bioprocessing of plant biomass ([@B6],[@B8; @B9; @B10]). Its cellulolytic system is a large multi-protein complex called the cellulosome, the enzymatic components of which act synergistically to degrade crystalline cellulose ([@B9; @B10; @B11]). The recent availability of genetic systems in *C. thermocellum* and a related thermophile ([@B12]) provides a much needed tool to investigate the mechanisms of cellulose degradation. Several members of the genus *Caldicellulosiruptor* are able to degrade cellulose at even higher temperatures (up to 90°C) and they also utilize pentose sugars ([@B13; @B14; @B15; @B16; @B17; @B18]). The genomes of *C. saccharolyticus* DSM 8903 ([@B19]) and *C. bescii* DSM 6725 have been sequenced ([@B20]) and some CAZy enzymes have been purified and characterized from both species ([@B21],[@B22]). Representatives of this genus have potential utility in biomass-to-sugars conversion processes but more comprehensive studies are needed to understand the degradative mechanisms involved.

*Caldicellulosiruptor bescii* grows at temperatures up to 90°C and is the most thermophilic bacterium capable of growth on crystalline cellulose ([@B16]). It also utilizes xylan, pectin and starch and is also able to grow efficiently on untreated plant biomass with high lignin content ([@B14],[@B16]). The bacterium is capable of using cellulose and xylan simultaneously. Its ability to grow on the hardwood poplar is of particular interest as this hardwood can be genetically manipulated to potentially decrease recalcitrance ([@B23]). For example, one transgenic poplar line overexpressing xyloglucanase is less recalcitrant to cellulolytic enzymes ([@B24]). In the present article we analyze the genome of *C. bescii* with a particular focus on genes encoding enzymes involved in plant biomass conversion. We also present transcriptomic and proteomic data and compare its genome with those of other anaerobic thermophiles, including its close relative *C. saccharolyticus*. This analysis will contribute to our understanding of plant biomass conversion at extreme temperatures and will provide a genetic basis for the plant biomass-degrading properties displayed by this remarkable organism.

MATERIALS AND METHODS
=====================

Growth of microorganism
-----------------------

*Caldicellulosiruptor bescii* strain DSM 6725 was obtained from the German Culture Collection ([www.dsmz.de/index.htm](www.dsmz.de/index.htm)). The organism was grown in the 516 medium as previously described ([@B14]) except that vitamin and trace mineral solutions were modified. Medium composition and growth conditions are given in the [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1).

Scanning electron microscopy (SEM) was performed as described elsewheree ([@B25]) (see also [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)).

DNA microarrays
---------------

RNA extraction and purification was carried out as described previously ([@B26]). RNA samples were converted to fluorescence-labeled cDNA and hybridized to a whole-genome *C. bescii* microarray according to the procedures previously described ([@B27]). Additional information is provided in the [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1).

Fractionation of *C. bescii* cell extract
-----------------------------------------

Extracellular protein (ExtP) fractions were prepared from 1 l cultures grown for 24 h on different substrates. The residual insoluble substrates (if present) were removed by decantation. The cells and ExtP fractions were separated by centrifugation. The ExtP was filtered through a 0.2 µm membrane, concentrated using a 10 kDa membrane and dialyzed against 50 mM NH~4~HCO~3~, pH 8.0. To obtain intracellular protein (IntP) and membrane protein (MemP) fractions, samples were prepared from the sedimented cells ([Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1) for more details).

Proteomics
----------

Samples for tandem mass-spectrometry were prepared as described earlier ([@B28]). Fragmentation spectra (MS/MS) obtained from each sample were searched against the DSM 6725 proteome using SEQUEST ([@B29]) and filtered using DTASelect ([@B30]). Filter levels were set at +1s 1.8, +2s 2.5 and +3s 3.5 to obtain a false-discovery rate of \<5% at protein level. Additionally, a minimum of two unique peptides per locus were required in order to identify the protein (see [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1) for more details).

Genome analysis
---------------

The genome sequence of *C. bescii* was determined by the Joint Genome Institute (JGI) ([@B20]) and the annotated version was downloaded from the NCBI genome database (<http://www.ncbi.nlm.nih.gov/genomes/lproks.cgi>). Clusters of orthologous genes (COG)-based functional assignment (<http://www.ncbi.nlm.nih.gov/COG/old/xognitor.html>), extracellular proteins, transmembrane helices (<http://www.cbs.dtu.dk/services/TMHMM/>) and insertion sequence (IS) elements ([@B31]) were predicted as described in the [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1).

Predictions of operons, CAZy-related proteins, transporters and transcription factors
-------------------------------------------------------------------------------------

Operons were predicted by our previously published method ([@B32]), which was ranked as the best available operon prediction program by an independent study ([@B33]). Carbohydrate-active enzymes were searched for using BLAST- and HMM-based tools and sequence libraries used for the updates of the CAZy database \[<http://www.cazy.org>; ([@B34])\]. Further details are included in the [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1). Prediction of transporters and transcription factors (TFs) was carried out as described in the [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1).

Functional annotation of proteins
---------------------------------

The KEGG assignment (<http://www.genome.jp/kegg/>) and the COG groups (<http://www.ncbi.nlm.nih.gov/COG/old/xognitor.html>) were downloaded from the databases. Upon analysis, we found that 71--88% of operonic gene pairs belong to the same KEGG pathways, whereas 48--75% of gene pairs that are not predicted to be in the same operons but having the intergenic distance between gene pairs \<100 bp are in the same KEGG pathway ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)). Our analysis suggested that operonic gene pairs and gene pairs with short intergenic distance are more likely to be functioned in the same pathway. Using this approach, we assigned the associated function for a hypothetical protein, if this protein is predicted to be in the same operon with genes assigned to KEGG pathway, or if the gene is near another gene with annotated function.

Microarray data analysis
------------------------

To identify the genes expressed in *C. bescii* cells grown on glucose or cellulose (filter paper), we compared the gene expression profiles of *C. bescii* genes and their homologs in *Escherichia coli* K12. The data set of *E. coli* K12 grown on various carbon sources (GSE2037) was downloaded from NCBI, and we identified 278 genes whose expression was reduced when not growing on glucose, using SAM with the cut-off *P*-value of 0.05. Mapping this gene set to the *C. bescii* genome (cut-off *e*-value of 1e-20) results in 206 homologs termed glucose-related genes. The log-likelihood ratio at intensity i was calculated as ln(f~1i~/f~wi~), where f~1i~ and f~wi~ are the respective frequencies of glucose-related genes and all genes having the probe intensity i. The cut-off intensity to consider that a gene is expressed was chosen so that ln(f~1i~/f~wi~) = 0.

RESULTS AND DISCUSSION
======================

General features and comparative genomics
-----------------------------------------

The *C. bescii* genome contains a 2 919 718 bp circular chromosome with 35.2% GC content and is slightly smaller than the size of the average bacterial genome (3.3 Mb; [www.ncbi.nlm.nih.gov/genomes/lproks.cgi](www.ncbi.nlm.nih.gov/genomes/lproks.cgi)). It contains two native circular plasmids termed AX710673 pBAL (8294 bp, 38.5% GC) and AX710687 pBAS2 (3653 bp, 42.9% GC), both of which were isolated and sequenced previously ([@B35]). The sequence of AX710687 pBAS2 reported here is identical but that of AX710673 pBAL has 8 deletions, 11 insertions and 7 mismatches ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)). AX710673 and AX710687 encode eight and four open reading frames (ORFs), respectively. AX710687 encodes exclusively uncharacterized proteins, while AX710673 encodes two putative regulators and two proteins involved in nucleic acid metabolism.

The chromosome is predicted to contain 2654 protein coding genes. Their arrangement on the two strands suggests that it has two equal replicores with a positive correlation between the direction of transcription and replication ([Figure 1](#F1){ref-type="fig"}). The 16 S RNA sequences confirmed that what was formerly termed *Anaerocellum thermophilum* is a member of the phylum *Firmicutes*, class *Clostridia*, order *Clostridiales* and that it should be classified in the genus *Caldicellulosiruptor* ([@B15]). *C. hydrothermalis* and *C. kronotskiensis* are the closest known relatives of *C. bescii* and *C. saccharolyticus* DSM 8903 is the closest relative with a sequenced genome ([@B15],[@B19]). Figure 1.Diagram of *C. bescii* chromosome. From outside to inside, the circles show (i) COG categories (two circles), (ii) mean centered GC content of the genome, (iii) genes (two circles) with functions related to CAZy (green), sugar transporters (red) and cell-adhesion (blue), (iv) GC skew plot(orange-purple circle) and (v) RNA genes (ribosomal in red, tRNA in blue and others in aquamarine). The GenomeViz was used to construct the circular chromosome wheel (<http://www.uniklinikum-giessen.de/genome/index.html>).

We compared the general features of the *C. bescii* genome to those of five anaerobic thermophiles containing significant numbers of CAZy-related genes potentially involved in plant biomass degradation ([Table 1](#T1){ref-type="table"}): *C. saccharolyticus* DSM 8903, *C. thermocellum* ATCC 27405, *Thermotoga maritima* MSB8, *Thermoanaerobacter pseudethanolicus* ATCC 33223 and *T. tengcongensis* MB4. The genome size of *C. bescii* is similar to that of *C. saccharolyticus* (2.97 Mb) ([@B19]). Both utilize crystalline cellulose and xylan and are very closely related with over 2300 *C. bescii* genes having as their top Blast hit in the *C. saccharolyticus* sequence. The *C. bescii* genome is smaller than that of the cellulolytic but not xylanolytic *C*. *thermocellum* ATCC 27405 (*T*~opt~ 60°C, 3.8 Mb) ([@B36]), and larger than the genome of the xylanolytic but not cellulolytic *T. maritima* MSB8 (*T*~opt~ 80°C, 1.86 Mb) ([@B37]). By 16 S rRNA analysis, *C. bescii* is closely related to the *Thermoanaerobacter* genus. Its genome is most similar in size to that of *T. tengcongensis* MB4 (*T*~opt~ 75°C, 2.7 Mb) ([@B38]) and slightly smaller than that of *T. pseudethanolicus* ATCC 33223 (formerly *T. ethanolicus* strain 39E, *T*~opt~ 65°C, 2.4 Mb). Both *C. bescii* and *C. saccharolyticus* grow on polysaccharides such as starch but do not utilize cellulose or xylan. Table 1.General features and comparative genomics of *C. bescii DSM 6725*General features*Caldicellulosiruptor bescii DSM 6725Caldicellulosiruptor saccharolyticus DSM 8903Thermoanaerobacter pseudethanolicus ATCC 33223Thermoanaerobacter tengcongensis* MB4*Clostridium thermocellum ATCC 27405Thermotoga maritima* MSB8Length of chromosome (Mbp)2.93.02.42.73.81.9G + C content (%)35.235.334.537.639.046.2Coding density (%)85.486.186.786.883.586.8Total no. of predicted protein coding genes266226792243258831911858Average length of protein-coding genes (bp)9429579159051008905Total no. of predicted tRNA4746.0565556.046.0Total no. of rRNA genes (no. of operons)9 ([@B3])9 ([@B3])16 ([@B4])12 ([@B5])12 ([@B4])3 ([@B3])Secreted Proteome (SignalP prediction)394362244257404207Membrane Proteins (TMHMM prediction)344348282401481239Percentage secreted proteome (SignalP prediction)14.8013.5110.889.9312.6611.14Percentage membrane proteins (TMHMM prediction)12.9212.9912.5715.4915.0712.86IS elements Full copies349142691003 Partial copies132130771045622 Ismax-full-copy[^a^](#TF1){ref-type="table-fn"}eISCsa4eISCsa4eISTps4/eISTps5eISTps1ISCth3eISTma2 MaxCopy no.[^b^](#TF2){ref-type="table-fn"}1233217182Growth on cellulose and xylan^c^Cellulose, xylanCellulose, xylanDoes not growDoes not growCelluloseXylan, CMC[^d^](#TF4){ref-type="table-fn"}[^2][^3][^4][^5]

Using the COG approach to predict gene function ([@B39]), we analyzed the genomes of 41 anaerobic thermophiles ([Supplementary Tables S2 and S3](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)). The genome of *C. bescii* is significantly enriched in genes encoding proteins involved with cell motility and secretion (COG group N) and cell division (group D), in agreement with the SignalP result suggesting that *C. bescii* has a large number of secreted proteins. Interestingly, the cellulolytic *C. thermocellum* ATCC 27405 has a significantly higher than average number of genes responsible for DNA replication, recombination or repair, which may have facilitated the development of a genetic system for this organism ([@B28]). On the other hand, the *C. thermocellum* genome appears to have fewer genes involved in intracellular trafficking and in defense mechanisms. The genome of *C. bescii* has a lower number of uncharacterized genes (groups R and S) and a higher percentage of genes not assigned to COG categories.

Of the 2666 proteins encoded by the *C. bescii* genome, 394 (14.8%) and 344 (12.9%) are predicted to have signal peptides and transmembrane helices, respectively. Using a previously-developed program ([@B32]), it was found that the 2666 genes in *C. bescii* are predicted to be organized into 1209 transcriptional units, 577 of which are multi gene. The 259 genes with functions related to carbohydrate metabolism and sugar transport were predicted to form 180 transcriptional units, 111 of which are multi-gene and 69 are single-gene operons ([Supplementary Table S4](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)). Furthermore, *C. bescii* (and its close relative *C. saccharolyticus*) is predicted to contain 14 \[12\] sigma factors, 8 \[7\] anti-sigma modulators, 97 \[60\] putative transcription regulators and 18 \[25\] histidine kinases. Among the 18 putative histidine kinases, 11 are predicted to be membrane-associated. The high number of putative regulators suggests that *C. bescii* is highly responsive to changing environmental conditions and nutrient availability. This is in line with a recent report showing that the composition of *C. thermocellum* cellulosome varies with the growth substrate ([@B40]).

Genome dynamics
---------------

Insertion sequences (IS) have been found to be actively involved in the genomic recombination and horizontal gene transfer events in prokaryotic genomes ([@B41]). The coding region of an IS is flanked by fixed-length non-coding terminal regions, which are essential in mediating transposition and genomic recombination ([@B31],[@B42; @B43; @B44]). Unfortunately, in many cases genome annotations include only the potential coding sequences carried by the elements and ignore their terminal regions. The statistics of IS elements in six genomes of anaerobic thermophiles are summarized in [Table 1](#T1){ref-type="table"} (see also [Supplementary Table S5](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)). *Thermotoga maritima* harbors the smallest number of IS elements, with only 3 full copies and 22 partial copies. *Caldicellulosiruptor bescii* also harbors much fewer full IS copies \[34\] than the other four bacteria, especially compared to its closest relative *C. saccharolyticus* \[91\]. Full copies of IS elements are typically the results of recent proliferation. In light of these data, the genome of *C. bescii* is probably more stable than the other genomes, except for that of *T. maritima.*

The presence of IS elements suggests that all of the organisms listed in [Table 1](#T1){ref-type="table"} likely have a history of horizontal gene transfer events ([Supplementary Table S5](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)). Accordingly, the *C. bescii* genome has multiple sequences that are much more closely related to those in other genomes than they are to those in *C. saccharolyticus*, suggesting that these regions are the results of such events. As shown in [Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1) and [Table S6](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1), these include three of the thermophilic organisms listed in [Table 1](#T1){ref-type="table"}, *C. thermocellum* (23 genes), *T. tengcongensis* (21 genes) and *T. pseudethanolicus* (18 genes), as well as *Petrotoga mobilis* (11 genes), *Thermoanaerobacter sp*. X514 (11 genes) and *Dictyoglomus thermophilum* (14 genes). In addition, eleven *C. bescii* genes show the highest similarity to those in *C. phytofermentans* a mesophilic anaerobe that, like *C. bescii*, is both celluloytic and xylanolytic. These 'horizontally transferred' genes in *C. bescii* are predicted to encode ABC transporters \[25\], carbohydrate-active enzymes (CAZy) \[17\], mobile-element related \[18\], signal transducers and DNA binding (all containing a helix-turn-helix motif: 15), and genes encoding domains of unknown function like conserved domain UPF0236 \[7\], KWG leptospira repeat \[6\] and a radical SAM domain \[6\], many of which may be involved in various catabolic and anabolic pathways ([@B45]).

Distribution of CAZy genes within genomes of anaerobic thermophiles
-------------------------------------------------------------------

The distribution of CAZy genes (<http://www.cazy.org>) related to plant biomass degradation within the genomes of the 41 anaerobic thermophiles is shown in [Supplementary Tables S2 and S7](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1). Glycoside transferases were not considered in this group as they are mainly involved in the biosynthesis of polysacchardies. Among these thermophiles, the 16 genomes of the archaea encode very few CAZy proteins. They do not contain polysaccharide lyases (PLs) and 13 of the 16 genomes do not encode CBMs, which are critical for degradation of insoluble polysaccharides. Six of the archaeal species grow on starch, although three of them are not predicted to contain genes that encode CBMs. Three of the genomes encode CBMs, glycosyde hydrolases (GHs) and carbohydrate esterases (CEs). Two of them, *Pyrococcus furiosus* and *Thermococcus kodakaraensis*, do not grow on cellulose or xylan, but do grow on starch, while the other, *Thermofilum pendens*, does not grow on any polysaccharide that has been examined although its genome encodes several GHs, CBMs and CEs. The presence of two GH13s, the recombinant forms of which are amylolytic enzymes, suggests that this organism can grow on starch or cyclodextrins ([@B46]).

In contrast to the anaerobic thermophilic archaea, all of the genomes of the 25 anaerobic thermophilic bacteria encode CBMs, GHs and CEs ([Supplementary Tables S2 and S7](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)). However, in many cases growth of these organisms on components of plant biomass has not been reported. Starch is the most common polysaccharide to be used by this group and 14 of them, including *C. bescii*, have this ability and all contain α-amylase-type enzymes (GH13). PLs are identified in eight of these bacteria, and five of them have been shown to grow on pectin, including *C. bescii*, *C. saccharolyticus*, *C. thermocellum*, *T. lettingae* and *T. maritima*. The genome of *C. saccharolyticus* does not contain PLs but it does encode two GH28s that are putatively involved in hydrolysis of pectin backbone. Based on the numbers of CBMs and GHs that they contain, these anaerobic thermophilic bacteria ([Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)) can be classified into three groups wherein (i) both CBMs and GHs are low (7 genomes); (ii) CBMs are low but GHs are high (15 genomes) and (iii) both CBMs and GHs are high (3 genomes). The latter category includes *C. bescii*, *C. saccharolyticus* and *C. thermocellum*. All representatives of the *Caldicellulosiruptor* genus grow on cellulose, xylan, pectin and starch ([@B13],[@B16]). *C. thermocellum* does not grow on xylan as it cannot consume xylose, however, it depolymerizes xylan into xylose, xylobiose and xylooligosaccharides ([@B9]). Consequently, there is a clear correlation between the number of representatives of CAZy genes in a genome and the plant biomass-degrading abilities of a microorganism.

Comparison of CAZomes of *C. bescii* and *C. saccharolyticus*
-------------------------------------------------------------

The modular architecture of the 88 CAZy genes in *C. bescii* is shown in [Supplementary Table S8](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1). There is a comparable number of such genes in *C. saccharolyticus* \[94\]. Other common characteristics include (i) a similar module arrangement for CAZy-related proteins that do not contain CBMs, (ii) all proteins containing CBMs are predicted to be extracellular based on the presence of signal peptides (extracellular CAZy proteins in *C. bescii* are shown in [Table 3](#T3){ref-type="table"}); and (iii) the major CBM3s present in the enzymes from both organisms are derived from subfamilies 3a and 3b. CBM3a/3b bind tightly to crystalline cellulose and thus enhance the access of cellulases to their substrate relative to other cellulose-directed CBMs ([@B47],[@B48]). In this respect, these two *Caldicellulosiruptor* species are similar to cellulolytic clostridia that produce cellulosomes, where CBM3 plays a pivotal role in substrate targeting of their respective cellulase complexes ([@B10],[@B11]). The clostridial enzymes generally contain additional CBMs that direct the cellulose-tethered complex to specific regions of the cell wall, consistent with the activity of the enzyme containing these additional targeting modules ([@B49],[@B50]). In contrast, *C. bescii* and *C. saccharolyticus* contain fewer of these additional, non-crystalline cellulose-binding CBM families ([Supplementary Tables S2 and S8](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)). The most significant of these are five CBM22s, and one CBM36 that likely targets xylan ([Supplementary Table S8](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)). Within this context it should be noted that CBM22s bind tightly to isolated xylan chains but not to hemicellulose within the plant cell wall ([@B51]). Thus, CBM22-containing enzymes likely target xylans that have been released from the plant cell wall. It appears, therefore, that CBM3s work in both of these bacteria as the primary mechanism for the attachment of enzymes to plant polysaccharides. Furthermore, the majority of CBM3-containing enzymes contain multiple CBM3s. These are likely to confer extremely tight binding to cellulose to offset the dissociation promoted by elevated temperatures. Indeed, it has been suggested that there is a general correlation between the growth temperature at which an organism and the frequency of finding enzymes with multiple CBM copies ([@B52]). Table 2.Distribution of COG within some genomes of anaerobic thermophilesComputed frequency[^a^](#TF5){ref-type="table-fn"}*P*-value[^b^](#TF6){ref-type="table-fn"}AverageFunctionCOGCbesCsacTethTTECtheTmarCbesCsacTethTTECtheTmarA0.000.000.000.000.000.000.2400.2400.2400.2400.2400.2400.056RNA processingB0.000.110.000.100.050.070.1670.3900.1670.3880.7470.3040.149Chromatin structureC6.085.986.676.916.028.160.0690.0630.8920.8710.0650.7269.581EnergyD2.751.962.602.251.801.540.0180.7680.9670.1080.6790.4991.537Cell divisionE10.189.6911.9812.418.4213.540.2020.1410.4800.3950.0440.20711.876Amino acidsF3.523.123.783.303.103.700.3730.1810.4780.7420.1720.5243.739NucleotidesG12.2912.1810.329.227.4012.280.0990.8950.7500.6290.4060.0998.169CarbohydratesH5.634.875.663.404.583.980.3940.2450.6000.0680.1980.8816.126CoenzymesI1.792.012.243.042.222.300.1680.2220.7110.4360.2820.3082.860LipidsJ8.907.999.038.177.779.420.3110.2200.6750.7630.2010.63110.513TranslationK8.458.317.738.438.755.930.1580.8130.6630.1610.1070.1527.207TranscriptionL8.1313.2910.449.1114.676.280.4850.9920.1340.6890.0010.2078.047DNAM5.895.885.725.817.595.160.3780.6190.5840.6050.0960.4545.359Cell membraneN8.513.763.073.724.354.120.0160.5980.4890.5920.3140.3483.136Cell motility and secretionO3.843.183.784.194.073.770.1810.0360.1590.6710.7260.1574.521Posttranslational modificationP4.874.395.786.344.778.370.0770.0380.7740.6350.0670.1266.809Inorganic ionsQ3.591.321.241.781.481.470.0750.2020.1790.6460.7500.2452.153Secondary metabolitesT5.576.885.136.868.285.090.3830.7850.5530.7830.0940.5474.779Signal transductionU0.002.123.012.202.312.510.0330.6950.0670.2730.7670.1711.658TransportV0.002.811.832.722.272.300.0350.8780.4490.8590.2760.7361.707Defense mechanismZ0.000.160.000.000.090.000.3101.0000.3100.3100.0220.3100.018CytoskeletonR9.3011.0010.7911.6310.0013.02General prediction onlyS5.206.617.946.885.7717.00Function unknownNot in COG32.1118.4813.6414.6122.239.85Not assigned[^6][^7][^8][^9] Table 3.Primary extracellular proteins of *C. bescii* involved in utilization of insoluble components of plant biomassGeneCAZy module architectureCAZy module activity ([www.cazy.org](www.cazy.org))TranscriptomicsProteomicsCBMCatalycic (main activities)Cell.Signif.ExtPMembr.Cbes_0089GH11-CBM36XylanXylanaseUpYesCbes_0182GH43-CBM22^a^-GH43-CBM6^b^Xylan^a,b^, amorphous cellulose^b^Xylanase, β-xylosidase, arabinanaseUpYesCbes_0183CBM22-CBM22-GH10XylanEndo-1,4-, endo-1,3-β-xylanaseUpYesCbes_0458GH1β-glucosidase, β-galactosidase, β-mannosidase, β-glucuronidaseUpNoCCbes_0594GH5-CBM28-SLH-SLH-SLHAmorphpus cellulose, cellooligosaccharidesMannanase, cellulase, lichenase, xylanaseUpYesCCbes_0609CBM41^a^-CBM48^b^-GH13-CBM20^c^Starch^a,c^, glycogen^b^, cyclodextrines^c^StarchUpYesCCCbes_0610CBM20Starch, cyclodextinsUpYesCXCbes_0618CBM22-CBM22-GH10XylanEndo-1,4-, endo-1,3-β-xylanaseUpYesXCbes_1439GH23Peptidoglycan lyaseDownYesCbes_1462CE4Acetyl xylan esteraseUpYesCbes_1829CE4Acetyl xylan esteraseUpNoCbes_1853PL11-CBM3CelluloseRhamnogalacturonan lyaseDownNoCXCbes_1854CBMX-PL3Pectate lyaseDownY/NCXXCbes_1855CBMX-PL9Pectate lyase, exopolygalacturonate lyaseDownYesCXCbes_1857GH10^a^-CBM3-CBM3-GH48^b^Celluloseendo-1,4-, endo-1,3-β-xylanase^a^, cellobiohydrolase^b^UpYesCXXCbes_1859GH5^a^-CBM3-CBM3-GH44^b^CelluloseMannanase^a^; Xyloglucanase, endoglucanase^b^UpYesCXXCbes_1860GH74^a^-CBM3-CBM3-GH48^b^CelluloseXyloglucanase, endoglucanase^a^; cellobiohydrolase^b^UpYesCXXCbes_1865GH9^a^-CBM3-CBM3-CBM3-GH5^b^CelluloseEndoglucanase^a^; mannanase^b^UpNoCXCbes_1866GH5^a^-CBM3-CBM3-CBM3-GH5^b^CelluloseMannanase^a^, cellulase^b^DownY/NCXCbes_1867GH9^a^-CBM3-CBM3-CBM3-GH48^b^CelluloseEndoglucanase^a^, cellobiohydrolase^b^UpYesCXCXCbes_2593GH13StarchUpYes[^10][^11]

Notably, the CBM3s in the genomes of both *C. bescii* and *C. saccharolyticus* are concentrated only in one gene cluster and this encodes mainly CAZy proteins (Cbes_1853-\_1867 and Csac_1076-\_1085: see [Figure 2](#F2){ref-type="fig"} and [Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)). However, there is a significant difference in the arrangement of these gene clusters. In *C. bescii* this cluster is enriched in CBM3s, which are present as double or triple modules within one gene product, in comparison to the cluster of *C. saccharolyticus* (16 versus 10). Specifically, *C. bescii* contains three genes encoding PLs of different families that are absent from *C. saccharolyticus*. Moreover, of all thermophilic anaerobes, only *C. bescii* has PLs of three different families ([Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)). The *C. bescii* cluster also contains three GH48s versus one in *C. saccharolyticus*. The GH48s are key enzymes in crystalline cellulose hydrolysis and are uniquely arranged in *C. bescii.* There is no other known example of three modules of this type in combination with a second catalytic module of different CAZy activity ([Figure 2](#F2){ref-type="fig"}A and B). Interestingly, a deletion mutant of *C. thermocellum* lacking two GH48s was able to completely hydrolyze crystalline cellulose, albeit at a slower rate than the wild-type ([@B28]). This cluster in *C. bescii* also has three GH5 mannanases (versus one gene in *C. saccharolyticus*) and six genes encoding multifunctional CAZy proteins (versus three genes in *C. saccharolyticus*), each containing two catalytic modules of different hydrolytic activity separated by double or triple CBM3s. Figure 2.Comparison of the two relative gene clusters involved in biomass conversion in *C. bescii* DSM 6725 (**A**) and *C. saccharolyticus* DSM 8903 (**B**). Abbreviations: GH5, GH9, GH10, GH44, GH48 and GH74, glycoside hydrolases of families 5, 9, 10, 44, 48 and 74, respectively; CBM3, carbohydrate-binding module of family 3 where 'b' and 'c' are of subgroups within CBM3; GT39, glycosyl transferase of family 39; PL3, PL9 and PL11, polysaccharide lyases of families 3, 9 and 11; X, module of unknown function with homology to pfam CBM_4\_9, Signal peptides, linkers and fragments of unknown function are shown in violet, blue and grey colors, respectively. CelA, CelB and ManA (encoding by Csac_1076, \_1077 and \_1078) are enzymes with experimentally demonstrated activities.

Consequently, this CAZy-enriched gene cluster in *C. bescii* uniquely contains CBM3s that potentially mediate the binding of 13 catalytic modules to the insoluble substrate, while in *C. saccharolyticus* there are only eight catalytic modules attached to CBM3s. The *C. bescii* gene cluster also contains a GH74 module, which is a putative xyloglucanase ([Table 3](#T3){ref-type="table"}). This enzyme has an important role in biomass degradation as it hydrolyzes xyloglucan networks ([@B53]). In *C. bescii* the GH74 enzyme is part of a multi-modular protein with two CBM3s and GH48 (Cbes_1860), the combination of which is predicted to display synergism by binding the two catalytic modules to xyloglucan, hydrolyzing xyloglucan and releasing and hydrolyzing cellulose. In *C. saccharolyticus* the corresponding gene is truncated to GH74-CBM3 ([Figure 2](#F2){ref-type="fig"}A and B). In Cbes_1867, GH48 is combined with GH9 via triplet of CBM3s. The combination of GH9 (endoglucanase) and GH48 (exoglucanase) assumes a synergy in hydrolysis of amorphous and crystalline parts of cellulose. Similarly, Cbes_1857 has the modular structure GH10-CBM3-CBM3-GH48 where GH10 is a xylanase, and the catalytic modules can act in a concert on mixed type xylan/cellulose substrates.

In general, the *C. bescii* gene cluster encodes a powerful set of CAZy enzymes active against major components of plant cell walls (cellulose, xylan, xylogluvan, pectin and mannan). In contrast, the analogous cluster in *C. saccharolyticus* is significantly truncated and lacks genes encoding some important biomass-related activities. All but of one the CBM3s in the *C. bescii* gene cluster has \>99% identity, the three GH48s are 100% identical, and there are also three GH5s with high degree of sequence identity. Such gene duplication in the main CAZy-containing cluster in *C. bescii* suggests that both diversity of CAZys, and the 'dosage' of individual CAZy are important for this bacterium to adapt to new growth substrates, including various polysaccharides and related materials derived from plant biomass ([@B54]).

Our analysis of the CAZy-related genes in *C. bescii* revealed that the NCBI annotation of several of these sequences is incorrect and/or incomplete. For example, Cbes_1853 is annotated as cellulose 1,4-β-cellobiosidase, Cbes_1857, \_1860 and \_1867 are annotated as glycoside hydrolases family 48 and Cbes_1865 is annotated as a glycoside hydrolase family 9. Based on comparisons with other sequences in the CAZy database, we propose that Cbes_1853 is a rhamnogalacturonan lyase; Cbes_1857, \_1860, \_1865 and \_1867 are bifunctional enzymes containing GH10/GH48, GH74/GH48, GH9/GH5 and GH9/GH48, respectively. These changes are listed in [Supplementary Table S8](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1). Our new annotations suggest that these genes contain multiple domains, and such combination of multiple domains could be the key to biomass degradation.

Sugar transport
---------------

A total of 257 genes in the *C. bescii* genome are predicted to encode transporters including 171 involved in sugar transport ([Supplementary Table S9](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)). Cellular transport systems can be classified into seven main classes (<http://www.chem.qmul.ac.uk/iubmb/mtp/>). Although the total number of transporter genes is similar in the genomes of the two *Caldicellulosiruptor* species, *C. saccharolyticus* contains 18 more genes of family 3.A.1 that transport organic and inorganic molecules of various sizes, while *C. bescii* has 11 more genes of family 2.A.1 that transport molecules of small sizes including lactose ([Supplementary Table S10](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)).

ABC transporters in bacterial genomes are composed of an inner membrane component (IMC) and an ATPase component. In the *C. bescii* genome ([Supplementary Table S9](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)) in most cases the IMCs are paired and encoded by one operon suggesting that the ABC transporter system is tetrameric (two IMCs and two ATPases). The ATPases are typically not linked and are located remotely from the IMCs, suggesting that one ATPase serves multiple IMCs ([@B55],[@B56]). Multiple solute-binding proteins (SBPs) were also identified in both genomes. They are generally located close to IMCs, but often are predicted in separate operons. Many SBPs belong to functional category COG1653 that includes putative proteins transporting various oligosaccharides and simple sugars. In many cases sugar transport systems are found in the same operon or in the vicinity of genes encoding CAZy related proteins. This observation suggests that these transporters are involved in the transport of sugars released by the corresponding enzymes encoded by these CAZy related operons or genes. In particular, the gene cluster Cbes_0050-\_0063 contains ABC transporters and four glycosyl transferases of families GT2 and GT4 that transfer mannosyl, rhamnosyl, N-acetyl-glucosaminyl, β-galactosaminyl and galactosyl, glucosyl, mannosyl or xylosyl groups, respectively. It seems likely that ABC transporter elements located in the same operon are involved in transport of related sugars. The neighboring operons, Cbes_0174-\_0181 and Cbes_0182-\_0187 encode elements of ABC transporters and glycoside hydrolases GH43, GH39 and GH10, which encode xylanase, xylosidase and arabinofuranosidases, respectively. Transporter operon Cbes_1107-\_1112 is located close to genes Cbes_1103 (GH51 with putative activities endoglucanase or arabinofuranosidase) and Cbes_1104 (GH4 displays activities of α-glucosidase, α-galactosidase and α-glucuronidase) ([Supplementary Table S9](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)). These observations imply that genes encoding sugar transport and sugar metabolism are typically closely associated.

Comparison of metabolic pathways
--------------------------------

In comparing the pathways present in *C. bescii* and *C. sacharolyticus* assigned by the KEGG database, we found that both genomes are similar in term of the number of genes present in assigned pathways, as shown in [Supplementary Table S11](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1). However, there is one pathway present in *C. bescii* only. Its genome includes four genes essential for the biosynthesis of deoxythymidine-diphosphate rhamnose (dTDP-[l]{.smallcaps}-rhamnose) from glucose-1-phosphate, which is produced from cellobiose by cellobiose phosphorylase ([Supplementary Table S11 and Figure S5](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1))*.* This is of particular interest as the activated sugar donor, glucose-1-phosphate, could be an energy source or could participate in the glycosylation of extracellular proteins and flagella biosynthesis ([@B57],[@B58]), particularly since the genome of *C. bescii* is enriched in genes related to secretion and motility. In some bacteria, arabinogalactan is attached to peptidoglycan via a rhamnose-N-acetylglucosamine disaccharide linker unit ([@B59]) so it is not clear whether this pathway in *C. bescii* is essential for conversion of components of plant biomass. There is also a difference between the two *Caldicellulosiruptor* species in alanine metabolism. In particular, *C. bescii* and *C. sacharolyticus* contains eight and one copy, respectively, of homologs of alanine racemase (EC. 5.1.1.1), which reversibly converts [l]{.smallcaps}-alanine to [d]{.smallcaps}-alanine. However, they both contain only a single copy of [d]{.smallcaps}-alanine-[d]{.smallcaps}-alanine ligase (EC. 6.3.2.4), which converts [d]{.smallcaps}-alanine to [d]{.smallcaps}-alanyl-[d]{.smallcaps}-alanine, an enzyme involved in peptidoglycan metabolism in Gram-positive bacteria. The consequences of this are not clear at present.

*Caldicellulosiruptor bescii* CAZy and sugar transport genes with closest homologs in genomes other than *C. saccharolyticus*
-----------------------------------------------------------------------------------------------------------------------------

Seventeen CAZy genes in the genome of *C. bescii* do not have their closest relatives in *C. saccharolyticus* (based on Blast analysis; see [Supplementary Table S12](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)). These genes were probably acquired from thermophilic \[12\] and mesophilic \[5\] microorganisms. Fourteen of these microorganisms degrade polysaccharides and three of them produce ethanol, but they also include three methanogenic archaea, which are not known to degrade polysaccharides. Ten of the 17 *C. bescii* genes are organized into three clusters that contain multiple CAZy-related proteins: Cbes_0052-\_0061 and Cbes_0154-\_0157 are all composed of GTs transferred from mesophiles, Cbes_1853-\_1855 encodes PLs enzymes acquired from a thermophile and two mesophiles and Cbes_1853-\_1855 was incorporated into a region containing multiple GH and CBM-containing genes. The latter gene cluster is discussed further below.

There are also 25 genes related to ABC transporters that do not have their closest relatives in *C. saccharolyticus* ([Supplementary Table S13](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)). It is assumed that these were acquired by lateral gene transfer but in this case only from bacteria. The closest relatives of the 25 genes are found in 17 bacteria, many of which are capable of metabolizing polysaccharides with some generating ethanol as an end product. The ABC transporter genes appear to have been acquired predominantly \[12\] from mesophiles. Interestingly, 17 of the 25 genes are organized into 5 gene clusters, 3 of which are adjacent to 3 of the CAZy-gene clusters discussed above. In particular, cluster Cbes_2371-\_2376 has four of its top Blast hits in *C. phytofermentans*, an organism that is capable of producing high concentrations of ethanol during cellulose fermentation. The same cluster encodes 3 ABC transporter genes, a GH43, a histidine kinase and a response regulator, suggesting that this six-gene cluster was horizontally transferred more or less intact from a *Clostridium* species, and may play a significant role in biomass degradation. Similarly, the Cbes_2076-\_2094 cluster contains two ABC transporters (six genes), a GH2 and two integrase-related genes. A large number of genes in this cluster have their top Blast hits in two species, *B. subtilis* and *D. thermophilum*, indicating that this region could be a hot spot for DNA integration or genome rearrangement in *C. bescii*.

These data suggest that the exchange of genetic information has had a significant impact on the metabolic capabilities of *C. bescii*, and that this exchange has occurred between very different microorganisms, including (i) archaea and bacteria, (ii) aerobes and anaerobes, (iii) Gram-positive and Gram-negative bacteria and (iv) (hyper)thermophiles and mesophiles (and even psychrophiles). Moreover, these observations provide conclusive evidence for the divergent evolution of what appear to be two very closely-related species, *C. bescii* and *C*. *saccharolyticus*.

Genes encoding proteins potentially involved in cell--carbohydrate adhesion
---------------------------------------------------------------------------

In some cellulolytic microorganisms such as *C. thermocellum*, the strong interactions between the cells and the insoluble polysaccharide substrate are mediated by the cellulosome. The genome analyses of *C. bescii* shows that it does not produce a cellulosome complex as no dockerin- and cohesin-like domains of either types I or II were identified. In addition, genes encoding extracellular CAZy enzymes did not contain similar domains of unknown function that might encode new types of dockerins. However, microscopy studies show that *C. bescii* cells directly attach to xylan and switchgrass ([Figure 3](#F3){ref-type="fig"}). The attachment is dynamic as many cells are also planktonic, enabling cell densities to be used as a measure of cell growth ([@B14],[@B15]). Although the mechanism is not known, analysis of the genome of *C. bescii* reveals many genes that are predicted to encode modules that could be involved in such cell--substrate interactions ([Table 4](#T4){ref-type="table"}). They include surface-layer homology (SLH) domains which are known to mediate the binding of proteins to cell surfaces ([@B60]), fibronectin type 3-like (Fn3) domains containing binding sites for the cell surface (<http://pfam.sanger.ac.uk>), and lysine motif (LysM) domains found in a variety of enzymes involved in bacterial cell wall degradation that may have a general peptidoglycan-binding function ([@B61]). In addition, *C. bescii* contains Fn3-like domains that have sequence similarity to so-called 'X' domains, which have shown to bind carbohydrates ([@B62]). Figure 3.Scanning electron microscopy (SEM) images of *C. bescii* cells attached to xylan from oat spelts (**A**) and to switchgrass (**B**). The bars indicate (A) 1 μm and (B) 2 μm, respectively. Table 4.*Caldicellulosiruptor bescii* genes encoding proteins with putative cell adhesion, protein--protein interaction or carbohydrate-binding functionGene nameProtein (AAs)SPAnnotationDomain structureTranscriptomicsProteomicsFilterPaperSignificantExtPMembraneWCCbes_00123027YQ466C0 Putative uncharacterized protein**SLH-SLH-SLH**-**Fn3**-VWA-**RHS**UpYesCXnCXnCbes_00771710YA4J714 S-layer domain protein**SLH-SLH-SLH**-Transglut_coreUpYesCXnCCbes_0594755YQ59154 EndoglucanaseGH5-**CBM28**-**SLH-SLH-SLH**UpYesCCbes_0608547YA3DET8 Cellulose 1,4-beta-cellobiosidaseX-**SLH-SLH-SLH**UpYesCbes_04381157YA4XG20 S-layer domain protein**SLH-SLH**-XUpNoXnYesCbes_1839575YA4XM24 S-layer domain protein**SLH-SLH**-XUpYesCbes_1943277YA4XI88 S-layer domain protein**SLH-SLH**YesNoYesCbes_22951074YA4XM87 S-layer domain protein**SLH-SLH**-XYesYesXnCCbes_2341484YA4XH32 S-layer domain proteinX-**SLH-SLH**Y/NNoCbes_15731055YA4XH96 Putative uncharacterized protein**SLH-SLH**- SpoVT_AbrBY/NNoCbes_23031018YA4XM93 S-layer domain protein**SLH**-XY/NNoCXnCXnCbes_23421010YA4XH31 Putative uncharacterized protein**SLH**-XY/NNoYesCbes_19441201YA4XI87 Fibronectin, type III domain proteinX-**Fn3**-XY/NNoYesCbes_19451265YA4XI87 Fibronectin, type III domain proteinX-**Fn3**-XY/NNoCbes_0190582NA4XM45 Peptidase M23BX-**LysM**-G5-peptidase M3UPYesCbes_0508203YA4XIM2 Allergen V5/Tpx-1 family protein**LysM**-SH3_3Y/NNoYesCbes-0560507YA4XHM2 Peptidoglycan-binding LysM**LysM-LysM**YesNoYesCbes_1391109YA4XKU6 Peptidoglycan-binding LysM**LysM**Y/NNoYesCbes_2402511NA4XGE4 Peptidoglycan-binding LysMX-**LysM**Y/NNoYesCbes_0174951YExtracellular solute-binding protein family 1**CBM_X-SBP1**UpNoXnXnCbes_0181595YExtracellular solute-binding protein family 1**SBP1**-**CBM_X**UpYesXnCXn[^12]

Specifically, Cbes_0594 has an SLH domain combined with GH5 and CBM28. Binding of *C. stercorarium* xylanase to the cell wall via its SLH domains has been demonstrated ([@B63]). Cbes_0174 and Cbes_0181 contain bacterial solute-binding domains (SBPs), which are typically attached to an outer membrane and are components of sugar transport systems ([@B64]). Cbes_0174 has an N-terminal and Cbes_0181 has C-terminal modules with BLAST hits to CBM6 and pfam CBM_4\_9, respectively (designated here as CBM_X, [Table 4](#T4){ref-type="table"}). All three proteins are candidates for binding to both cell (by SLH, SBP) and polysaccharides (by CBM28, CBM_X). There are also many modules of unknown biological function listed in [Table 4](#T4){ref-type="table"} (modules designated as 'X', LysM, Fn3, RHS, etc.) that contain signal peptides and could potentially be presented on the cell surface of *C. bescii* that may display novel catalytic and/or binding functions.

Hypothetical genes and their location
-------------------------------------

According to the NCBI annotation, the *C. bescii* genome contains a total of 826 ORFs of unknown function that are annotated as encoding either hypothetical (723 HP) or conserved hypothetical proteins (103 CHP: [Supplementary Table S14](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)). We have now assigned a putative function to 46 of them via the KEGG \[2\] and COG \[44\] databases, and using the CAZy database another previously annotated CHP is annotated as a GT4 (Cbes_1572). In order to obtain some insight into the likely function of some of other C/HPs, we utilized the fact that genes transcribed in the same operon or gene cluster are often functionally related ([@B65],[@B66]). A gene cluster is defined here as set of genes encoded on the same DNA strand with intergenic distances between adjacent genes of \<300 bp ([@B66]). We found that 17 C/HPs are in the same operon with or located adjacent to CAZy genes, therefore, they are predicted to be functionally related to carbohydrate metabolism and potentially plant biomass conversion. As an example, [Supplementary Figure S6](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1) shows genes encoding a CHP (Cbes_0178) associated with genes encoding sugar transporters, suggesting that this CBP is likely involved in the same function. Consequently, using the KEGG and COG annotations, operon and gene cluster prediction analyses, putative functions can be assigned to a total of 295 HPs (41%, 428 remain unassigned) and 44 CHPs (43%, 59 remain unassigned: [Supplementary Table S15](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)).

Insights into gene function from proteomic and transcriptomic analyses
----------------------------------------------------------------------

A total of 1429 (54%) of 2666 predicted protein-coding sequences (PCSs) were confirmed by proteomic analyses ([Supplementary Table S16](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)) and 1790 (67.1%) PCSs were confirmed by transcriptomic data (Supplementary Tables S17 and S18). Therefore, a total of 2196 (83%) of the annotated PCSs were confirmed, including 46.6% by both methods, 18.5% by proteomics and 34.9% by transcriptomics. Among 88 genes annotated as CAZy-related genes, 59 (67.0%) are confirmed experimentally, including 28.8% by both methods. Among 826 PCSs that were annotated as encoding C/HPs, 613 (74%) were expressed on different substrates according to the transcriptomic and proteomic results. These data also allowed us to correct putative transcription unit (TU or operon) boundaries for 18 gene pairs (or 5% of the gene pairs with proteomic data: [Supplementary Table S19](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)). This leads to the splitting and merging of 20 TUs into 30 TUs. The 257 genes predicted to encode sugar transporters and CAZys are organized into 180 TUs ([Supplementary Table S4](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)). Of the 171 transporters predicted to be sugar-related and 88 CAZy genes, expression at the RNA or protein level was shown for 136 (79%; [Supplementary Table S9](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)) and 84 ([Supplementary Table S8](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)), respectively, have been detected.

When *C. bescii* was grown on crystalline cellulose (filter paper) versus glucose, a total of 1203 genes had a significant change in expression level, as shown in [Supplementary Table S17](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1). These included 64 CAZys (32 down- and 32 up-regulated: [Supplementary Table S8](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)), 90 transporters (29 down- and 61 up-regulated: [Supplementary Table S9](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)) and 358 C/HPs (124 down- and 234 up-regulated: [Supplementary Table S14](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)). Among the 21 primary CAZy genes (encoding proteins with signal peptides and CBMs) ([Supplementary Table S8](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)), 16 were up-regulated on cellulose and 14 proteins were identified on both cellulose and xylan ([Table 3](#T3){ref-type="table"}). Of 21 genes putatively related to cell--substrate adhesion ([Table 4](#T4){ref-type="table"}), 12 genes were up-regulated on cellulose and 8 proteins were identified on cellulose and xylan.

More detailed analyses were conducted with operons/gene clusters ([Supplementary Table S20](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1), see also [Tables S21 and S22](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)). Among the gene clusters whose expression is up-regulated during growth on cellulose, there are six of potential interests. These include (i) Cbes_1856-Cbes_1864 encoding the majority of CAZy multi-modular multifunctional enzymes discussed above, as well as two HPs; (ii) Cbes-2371-Cbes_2375 encoding GH43 and two membrane components of ABC transporters, a gene cluster that is missing in *C. saccharolyticus*; (iii) Cbes_2413-Cbes_2421, Cbes_2494-Cbes_2500 and Cbes_0261-Cbes_0265, all of which encode HPs; and (iv) Cbes_2591-Cbes_2595 encoding an α-amylase, a DNA repair protein and three HPs. The up-regulation of these gene clusters on cellulose suggests that they are involved in plant cell wall conversion. Five clusters, including genes encoding proteins of different metabolic pathways, were down-regulated on cellulose indicating the plasticity of transcription regulation upon changing growth conditions. Upon switching from glucose to cellulose, four genes of the Cbes_1853-Cbes_1864 cluster are down-regulated while five other genes of the same cluster are up-regulated. This differential regulation validates our operon prediction that this cluster contains multiple transcription units.

Among 42 predicted TFs with significant changes in gene expression, 17 and 25 were down- and up-regulated, respectively, when cells were grown on crystalline cellulose versus glucose ([Supplementary Table S23](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)). It was previously suggested ([@B67]) that the level of expression of a TF is proportional to the number of operons that it regulates. This observation was used to predict the number of operons regulated by the TFs. Of 13 TFs with \>4-fold changes, 7 and 6 were down- and up-regulated, respectively. In particular, TF Cbes_1856, a component of the major CAZy gene cluster, Cbes_1856-Cbes_1864, is up-regulated 3.4-fold suggesting that it is involved in plant biomass conversion. Cbes_2264 is up-regulated 17-fold. This TF is part of an operon encoding sugar transporters (Cbes-\_2265-Cbes_2266), which are also up-regulated. These data suggest that these transporters utilize soluble oligomeric products of cellulose hydrolysis rather than glucose. In contrast, TF Cbes_2033 is down-regulated \>8-fold, and it is located upstream of gene cluster Cbes_2029-Cbes_2031, which contains a predicted sugar transporter that is up-regulated 4-fold. This cluster is presumably not involved in cellulose metabolism. TF Cbes_1901 is down-regulated \>9-fold, although the adjacent HP gene is up-regulated \<2-fold, supporting the prediction that this TF regulates multiple operons ([Supplementary Table S23](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)).

It is also evident that the production of some CAZys, sugar transporters and C/HPs are sugar-specific ([Supplementary Tables S8 and S16](http://nar.oxfordjournals.org/cgi/content/full/gkq1281/DC1)). Two of them were found only when cells were grown on xylan: Cbes_0618 (CBM22-CBM22-GH10) and Cbes_0152 (CE7). This is in accord with the CAZy annotation, as the CBM22 domain binds xylan, GH10 is an endo-xylanase and CE7 is an acetyl--xylan esterase. These proteins are assumed to play a pivotal role in hemicellulose degradation. Other proteins were detected only upon growth on cellulose and cellobiose, but not on xylan. They include Cbes_0097 (GH30) and Cbes_0458 (GH1), which are potential β-glucosidases related to cellulose degradation, Cbes_0468 (GH36, potential α-galactosidase) and Cbes_0609 (CBM41-CBM48-GH13-CBM20 with CBMs binding to α-linked polysaccharides and α-amylase). Production of the latter two proteins during growth on cellulose suggests that the stereospecificity of the sugar linkage is not important for the regulation of the respective genes. Cbes_0459 and Cbes_0460 are putative cellobiose/cellodextrin phosphorylases (GH94) detected in much higher amounts than β-glucosidases. This is consistent with the energetics of cellulose degradation as cellobiose/cellodextrin phosphorylases provide an advantage for anaerobic cellulolytic microorganisms. They convert cellobiose/cellodextrins into glucose and glucose-1-phosphate without utilizing valuable ATP, which can be conserved for energy-consuming reactions. In contrast, β-glucosidase hydrolyses cellobiose into two glucose molecules, which must be phosphorylated with ATP before they can be utilized. Hence, in general, interpretation of the microarray and proteomic data is consistent with the CAZy database classification. Five and three sugar transporters were identified only after growth on xylan or on cellulose/cellobiose, respectively, consistent with the specificity of these proteins for certain oligosaccharides. Furthermore, 8 and 16 C/HPs were detected on xylan and cellulose/cellobiose, respectively. Two of the xylan-specific proteins (Cbes_2729 and \_2368), and 2 cellulose/cellobiose specific proteins (Cbes_2630 and \_1288) were detected at relatively high levels. These data suggest that these previously uncharacterized proteins play important roles in hemicellulose/cellulose metabolism, even though they have no recognizable CAZy domains.

CONCLUSIONS
===========

*Caldicellulosiruptor bescii* is the most thermophilic anaerobic bacterium capable of utilizing cellulose as well as multiple polysaccharides and unprocessed plant biomass. From an analysis of its genome, coupled with transcriptomic and proteomic data, we suggest that not one particular feature but a combination of properties that act in synergy enables the bacterium to degrade various polysaccharides and plant biomass: Enrichment in multi-modular, multi-functional CAZy proteins each containing two catalytic modules specific to different components of plant cell walls combined with multiple CBMs.Presence of three PLs of different families absent from the genome of C. *saccharolyticus.*Concentration of all multi-modular, multifunctional CAZy genes including three PLs and all CBM3s in one large functional gene cluster.Multiplication of CAZy modules within the large CAZy gene cluster increasing 'dosage' of particular CAZy modules, in particular, three cellobiohydrolase GH48s in combination with CBM3s.Absence of modules with motifs of dockerin or cohesin domains, which mediate the assembly of the cellulosome. This confers *C. bescii* with more flexibility to produce combinations of 'free' enzymes to degrade a variety of insoluble polysaccharides.Binding of *C. bescii* to xylan and switchgrass is mediated by proteins containing conserved non-CAZy modules known to bind polysaccharides or cell wall components, and proteins with CBM and membrane-binding modules. This binding is dynamic, in contrast to the irreversible binding of the cellulosome to cellulose.Hypothetical/conserved hypothetical genes located inside or in the vicinity of CAZy or sugar transport genes/operons are related to plant biomass conversion.Hypothetical/conserved hypothetical genes that are highly regulated during growth on polysaccharides or related substrates are likely involved in plant biomass conversion. Currently there is an increased interest in members of the *Caldicellulosiruptor* genus that display the ability to degrade multiple polysaccharides as well as plant biomass. Like the prototypical cellulose-degrader, *C. thermocellum*, these bacteria have a high potential for use in efficient two-step biomass-sugar--biofuel conversion processes. The data presented here are a valuable source of information that can be utilized for further characterization of the *Caldicellulosiruptor* species that will lead to a deeper understanding of the mechanisms of the non-cellulosomal plant biomass conversion process.
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###### Supplementary Data

[^1]: The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors.

[^2]: ^a^ISmax is the IS element with the largest full copy number.

[^3]: ^b^MaxCopy no. is the largest full copy number.

[^4]: ^c^See text for references.

[^5]: ^d^CMC: carboxymethyl cellulose.

[^6]: ^a^Frequency was computed as percentage of genes assigned to each COG group among all genes with COG assignment. When a gene was assigned to multiple COG groups, it would be counted multiple times.

[^7]: ^b^The *P*-value was calculated based on the assumption that the distribution of the frequence in each COG group follows a normal distribution.

[^8]: Cbes, *Caldicellulosiruptor bescii* DSM 6725; Csac, *Caldicellulosiruptor saccharolyticus* DSM 8903; Teth, *T. pseudethanolicus*

[^9]: ATCC 33223; TTE, *T. tengcongensis* MB4; Cthe, *C. thermocellum* ATCC 27405; Tmar, *Thermotoga maritima* MSB8.

[^10]: Primary extracellular proteins are CAZy proteins where each contains a signal peptide and, in most cases, a CBM. The superscripts on the CBM and GH domains (a, b or c) indicate the corresponding CAZy module activity. Transcriptomics and proteomics show regulation of gene transcription on cellulose versus glucose, and protein identification using LC-MS/MS. N-terminal GH5 modules in Cbes_1859, Cbes_1865 and Cbes_1866 are identical to N-terminal GH5 module of Csac_1077, and C-terminal module in Cbes_1866 is identical to the C-terminal module in Csac_1077 which has been experimentally shown to display mannanase and cellulase/lichenase activities, respectively ([@B40]).

[^11]: TMD, transmembrane domain; Membr., membrane protein fraction; C, cellulose; X, xylan; CBMX, an unknown module possibly pectin binding.

[^12]: SP, Signal Peptide; SLH, surface layer homology domain; SBP1, solute-binding protein of family 1; X, domain not present in PFAM; CBM_X, Pfam annotation of PF06204; RHS, multiple tandem 22-residue repeats each containing strongly conserved dipeptide YD; WC, cell-extract; C, cells grown on cellulose; Xn, cells grown on xylan.
